Abstract Plants like other organisms are affected by environmental factors. Cadmium, copper and zinc are considered the most important types of pollutants in the environment. In this study, a comparison of growth and biochemical parameters between the crop wild relative (CWR) Solanum nigrum versus its cultivated relative Solanum lycopersicum to different levels of Cu, Zn and Cd stress were investigated. The presence of ZnSO 4 and CuSO 4 in Murashige and Skoog medium affected severely many growth parameters (shoot length, number of roots and leaves, and fresh weight) of both S. nigrum and S. lycopersicum at high levels. On the other hand, CdCl 2 significantly reduced most of the studied growth parameters for both species. S. nigrum exhibited higher tolerance than S. lycopersicum for all types of stress. In addition, results show that as stress level increased in the growing medium, proline content of both S. nigrum and S. lycopersicum increased. A significant difference was observed between the two species in proline accumulation as a result of stress. In addition, a higher accumulation rate was observed in the crop wild relative (S. nigrum) than in cultivated S. lycopersicum. Changes in Inter-simple sequence repeat (ISSR) pattern of CuSO 4 treated S. nigrum and S. lycopersicum plants were also observed. In conclusion, based on growth and biochemical analysis, S. nigrum showed higher level of metals tolerance than S. lycopersicum which indicates the possibility of using it as a crop wild relative for S. lycopersicum.
Introduction
Soil contamination with metals is a widespread problem that affects the environment. The presence of these metals in the soil leads to several problems to humans, animals and plants (Lepp 1981) . The major sources of metals contamination are rock erosion and man-made effects by using pesticides, industries, mining, smelting and other human activities that are now rapidly increasing (Sherameti and Varma 2010) . Since soil is the main growing medium for plants, the quality of soil is an important issue that must be taken seriously (Sherameti and Varma 2010) .
Metals are considered the most important source of environmental pollution that is deposited from natural and human activity (Gaur and Adholeya 2004) . Cadmium (Cd), copper (Cu) and zinc (Zn) are examples of metals that are found naturally at low quantities. Zn and Cu are micronutrients of growth medium that are needed by plants for growth and various biochemical and physiological pathways (Narula et al. 2005) . High levels of these elements are toxic to sensitive plants (Das et al. 1997) . Metal concentration toxicity leads to chlorosis, necrosis and root system damage (Atanassova and Zapryanova 2009), photosynthesis inhibition, plasma membrane permeability damage (Narula et al. 2005) .
Cadmium is a non essential element; it is considered a significant soil pollutant because of its toxicity and greater solubility in water (Das et al. 1997; Jain et al. 2007 ). The main sources of Cd are mining, phosphate fertilizers, pesticides and industrial waste. Cd affects nitrogen metabolism, membrane function and chlorophyll biosynthesis (Jain et al. 2007) .
Genetic variation has decreased in many crops because of domestication processes. As a result they become more susceptible to various biotic and abiotic stresses than wild plants. On the other hand, wild plants show great genetic variations that include having genes responsible for various stress resistance. These wild plant species that have a close relation to cultivated ones are called crop wild relatives (CWR) (Jarvis et al. 2008 ).
Due to their phytotoxic effect, metals affect arable land and cause retardation in crop growth. A huge variation in metals tolerance was observed between different species. This variation could be used for crop improvement by identifying the tolerant species and then studying the mechanisms of tolerance and the possibility of identifying the responsible genes (Hall 2002; Yruela 2009; Fatima et al. 2011) . Recently, researchers reported Cd tolerant plant species S. cathayana and L. plyneura that can accumulate high concentrations of cadmium in certain parts such as the root system (Das et al. 1997; Yanqun et al. 2004) . Plants that are capable to survive and grow in soil contaminated with these metals are called "metallophytes" (Ashraf and Harris 2005) .
Proline is an osmoticum; a preserving agent of enzyme and cellular structure, and a storage compound of decreasing nitrogen for rapid regrowth after stress is removed. It plays a significant role in stress tolerance. It acts as a molecular chaperone capable to defend protein integrity and improve the activities of different enzymes (Szabados and Savoure 2009 ). Proline accumulation is important for the tolerance of many adverse environmental conditions. It has been shown (Szabados and Savoure 2009 ) that genotypes accumulating higher levels of proline are more stress tolerant than others. This indicates that proline accumulation could be used as selection criteria for stress-tolerant genotypes (Van Rensburg et al. 1993) .
Plant biotechnology is wildly used to improve plants stress tolerance by making physiological and biological changes. In vitro selection has many advantages, including shortening the selection time needed to get disease or abiotic tolerant lines with minimal environmental reaction and low cost laboratory set-up (Rai et al. 2011 ). In addition, many DNA fingerprinting techniques have been used (PCR-based fingerprinting) to study the effect of different stresses on various plant species (Deshmukh et al. 2012; K rpe and Aras 2011; Enan 2006) . Słomka et al. (2011) studied the effect of Zn, Pb, and Cd on genetic diversity of seven populations of Viola tricolor L. using Inter-simple sequence repeat (ISSR) techniques. They found that the population of polluted site had the highest genetic diversity and polymorphism compared to the non-polluted site (control). Recently, different molecular markers have been used to detect plant DNA damage that is caused by various types of pollutants (Al-Qurainy 2010; Enan 2006) . Random amplified polymorphic DNA (RAPD) analysis, which is a PCR-based fingerprinting tool, showed high efficiency in detecting various types of DNA damage and mutations throughout the genome in Arabidopsis (Liu et al. 2012) . Another study used ISSR to assess the effect of Zn, Pb, and Cd on Eruca sativa (L.) DNA damage (Al-Qurainy 2010) .
Solanaceae is a cosmopolitan family that grows in many parts of the world. It includes 96 genera and more than 2800 species. Economically, it is considered the third most important crop family and in terms of vegetable crops, it is considered the most valuable (Foolad 2007) . The genus Solanum belongs to this family; it contains many species that are considered as essential fruits and vegetables. It also plays an important role as a model plant. Potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.) (Poczai and Hyvönen 2011; Edmonds and Chweya 1997) , and eggplant (Solanum melongena L.) are examples of this family. Tomato is the most popular and commonly cultivated seasonal vegetable crop worldwide. It has been previously shown that tomato is a Cd, (Rehman et al. 2011) , Cu (Mami et al. 2011) , and Zn (Muschitz et al. 2009 ) sensitive crop.
Solanum nigrum L. or black nightshade is one of the largest species of the Solanum genus (Edmonds and Chweya 1997) . It is an annual herb with a wide range of medicinal uses (Sridhar and Naidu 2011) .
The aim of this project is to study the effect of Cu, Cd and Zn on growth, proline content, and DNA stability of Solanum nigrum L. and the cultivated relative tomato (Solanum lycopersicum L.).
Material and methods

Plant materials
Ripe fruits of Solanum nigrum L. were collected in May 2011 from the northern area of the Jordan valley, Jordan. The fruit were collected from mother plants and allowed to dry in the lab. Then, seeds were extracted from the fruit and left in the lab until completely dry. After, the seeds were collected and stored for further experiments. The seeds of tomato (Solanum lycopersicum L.) were bought from the local market in Irbid, Jordan.
Establishement of in vitro mother stock cultures
The seeds of S. lycipersicum and S. nigrum were sterilized by washing under running tap water and detergent for 20 min. Then, they were immersed in 70 % (v/v) ethanol under laminar air-flow cabinet for 30 s followed by washing with 20 % (v/v) Clorox for 15 min. Next, they were washed with 70 % (v/v) ethanol for 30 s. At the end, the seeds were washed with sterile distilled water for three times (5 min each). The sterilized seeds were inoculated on germination media (half strength Murashige and Skoog medium (MS), 7.0 g/L plant agar, 15.0 g/L sucrose), pH was adjusted to 5.8 using 0.1 N NaOH or 0.1 N HCl, then autoclaved at 121°C and 1.15 kg/cm pressure for 15 min. After that, cultures were incubated in the growth chamber at 24°C (± 1) under 16/8 h light/dark photoperiod, respectively.
Cd, Zn and Cu stress S. lycopersicum and S. nigrum seedlings were sub-cultured into full MS medium containing 7 g/L plant agar, 30 g/L sucrose and supplemented with various concentrations of different metals (cadmium, zinc and copper). For Cadmium stress, 100, 200 and 400 μM of CdCl 2 were used, for Zinc stress, 0.25, 0.5, 0.75 and 1.0 mM of ZnSO 4 were used, and for Copper stress, 50, 100, 150, and 200 μM of CuSO 4 were used in addition to the control media. Cultures were incubated at 24°C (±1) under 16/8 h light/dark photoperiod, respectively. Data were taken after 5 weeks for shoot height, number of roots and leaves, and fresh weight.
Proline content determination Proline was measured as described by Bates et al. (1973) . 0.5 g of frozen plant materials were homogenized in 10 ml of 3 % sulphosalicylic acids, then the mixture was filtered through filter paper, 2 ml of the extract were added to 2 ml acid ninhydrin and 2 ml glacial acetic acid in a test tube for 1 h at 100°C, . The reaction then was stopped in an ice bath. Next, the chromophore was extracted by adding 4 ml of toluene and mixed vigorously for 15-20 s, then tubes were left until the two phases separated. After that, the chromophore that contained toluene was transferred to another test tube. Absorbance was taken at 520 nm. Proline concentration was determined by using a standard curve in the range of 20-100 mg\ml and it was calculated on a fresh weight basis.
Genomic DNA extraction S. nigrum and S. lycopersicum microshoots were grown on a medium supplemented with different levels of CuSO 4 as a representative for metal stress. Genomic DNA was extracted according to the Wizard genomic DNA purification kit (Promega). Forty milligram leaf tissues were grinded in liquid nitrogen, and then 600 μL of nuclei lysis solution was added and incubated for 15 min at 65°C. After that, 3 μL of RNase solution was added and incubated for 15 min at 37°C. The sample was cooled at room temperature for 15 min followed by addition of 200 μL of protein precipitation solution and vortex, then the sample was centrifuged at 16,000 × g for 3 min, then 600 μL of room temperature isopropanol was added and mixed gently by inversion and centrifuge for 1 min at 16,000 × g. After that, supernatant was thrown away and 600 μL of 70 % ethanol was added then centrifuged for 1 min at 16,000 × g. After that, ethanol was aspirated, and 100 μL of DNA rehydration solution was added. The sample was then incubated for 1 h at 65°C and stored at 4°C for further use.
ISSR-PCR and gel elctrophoresis
Fourteen ISSR primers (Table 1) were used to amplify the genomic DNA extracted from each concentration of CuSO4. Each PCR reaction was carried out in total volume 25 μL consisting of 12.5 μL master mix, 2 μL DNA, 1.5 μL primer and 9 μL DNase free water. DNA amplification was then carried out in PCR machine under the following conditions: initial denaturation at 94°C for 5 min followed by 45 cycle of 55 s at 94°C, annealing step at 49°C for 59 s, extension at 72°C for 59 s and final extension after at 72°C for 5 min then stored at 12°C. Seven μL of each PCR product were mixed with 4 μL of bromophenol blue as loading dye and loaded on 1.5 % agarose gel. 1× Tris borate EDTA buffer was used. Gel was run at 90 V for 110 min. Finally, the gel was examined under UV light.
Statistical analysis
Six replicates were used for each of the treatments and each experiment was repeated at least twice. Completely Randomized Design (CRD) was used. The data were analyzed by analysis of variance (Two-way ANOVA) followed by Tukey's test for mean comparison using SPSS version 16.0 (SPSS Inc., USA).
Results
In this study, various concentrations of CuSO 4 , ZnSO 4 , CdCl 2 were used. Analysis of Variance (ANOVA) showed significant effect (P ≤0.05) for metal levels and species for shoot length, number of roots and leaves, fresh weight and 
Growth parameters
Results showed that fresh weight (Fig. 1) , number of leaves (Fig. 2) , number of roots (Fig. 3) , and shoot length (Fig. 4) decreased in response to increasing Cu, Cd and Zn for both plant species. A significant reduction (P ≤0.05) in fresh weight was observed for S. lycopersicum grown on medium supplemented with 50 and 100 μM CuSO 4 (66.05 % and 32.85 % relative to control, respectively) (Fig. 1a) . S. lycopersicum microshoots fresh weight reduced significantly at 0.25 mM. (56.97 % relative to control) (Fig. 1b) . Also, no significant differences were observed between S. nigrum and S. lycopersicum for fresh weight when grown on medium supplemented with different levels of CdCl 2 (Fig. 1c) .
Growing S. nigrum and S. lycopersicum microshoots on medium supplemented with 100 μM CuSO 4 or higher reduced number of leaves significantly (P ≤ 0.05) (Fig. 2a) . S. lycopersicum microshoots showed a huge reduction in leaves number when grown at 0.5, 0.75 and 1.0 mM ZnSO 4 (Fig. 2b) . S. nigrum microshoots grown on medium containing 100 μM CdCl 2 resulted in 61.95 % leaves number relative to control, whereas only 32.24 % for S. lycopersicum (Fig. 2c) . Growing both species on medium supplemented with 200 μM CuSO 4 or higher resulted in a sharp reduction in number of roots (P ≤0.05) (Fig. 3a) . A significant reduction (P ≤0.05) in roots number of S. lycopersicum was observed at 0.5, 0.75 and 1.0 mM ZnSO 4 (Fig. 3b) . Growing S. nigrum microshoots on medium supplemented with 100 and 200 μM CdCl 2 did not affect number of roots compared to the control in contrast to S. lycopersicum (Fig. 3c) .
A sharp reduction (P ≤0.05) in shoot length of both species was observed starting at 150 μM CuSO 4 (for S. nigrum 27.19 % relative to control and 25.77 % S. lycopersicum) (Fig. 4a) . Under ZnSO 4 stress, S. nigrum microshoots showed significantly (P ≤0.05) longer shoots than S. lycopersicum under all levels (Fig. 4b) . A sharp decline in shoot length was observed in S. nigrum at 200 μM CdCl 2 to reach 39.62 % relative to its control (Fig. 4c) .
Proline content
Our results show that proline accumulation increased for both species as metal level(s) increased (Fig. 5 ). Significant differences (P ≤0.05) in proline content were observed between S. nigrum and S. lycopersicum microshoots grown under different levels of CuSO 4, ZnSO 4 and CdCl 2 (Fig. 5) . Higher proline accumulation rate was found in S. nigrum than in S. lycopersicum which indicates that S. nigrum is more tolerant to CuSO 4 , ZnSO 4 and CdCl 2 stresses than S. lycopersicum. 
ISSR-PCR analysis
In order to detect the DNA stability of S. nigrum and S. lycopersicum when grown on MS medium supplemented with different levels of CuSO 4 , ISSR was used as molecular marker in this study. S. nigrum and S. lycopersicum were grown for 5 weeks under different levels of CuSO 4 . Equal amount of extracted DNA was used for each lane. A total of 14 primers were used to amplify genomic DNA. All the 14 primers resulted in clear bands for both species (only gels of one primer are shown here).
In general, growing S. nigrum and S. lycopersicum microshoots under different levels of CuSO 4 did not affect DNA integrity when amplified with many primers (9 out of 14 primers). On the other hand, four primers (out of 14) resulted in differences between different levels of CuSO 4 . CuSO 4 affects DNA stability and cause mutations at low and high levels in S. lycopersicum more than S. nigrum (Fig. 6) . Using primer UBC-810, seven changes were observed in S. lycopersicum (five new bands appeared and two bands disappeared) compared to only two bands appearing in S. nigrum when grown under CuSO 4 stress. This indicates that CuSO 4 has less effect (lower number of mutational events) on S. nigrum genome stability than S. lycopersicum.
Discussion
In the present study, S. nigrum and S. lycopersicum were grown in vitro and the effect of different levels of Cu, Cd and Zn were assessed. Results showed that nearly all growth parameters decreased and proline content increased as metal level increased. In addition, results showed clearly that S. nigrum was more tolerant to metals than S. lycopersicum.
Results showed that lower levels of CuSO 4 reduced fresh weight, leaves number; roots number and shoot length slightly compared to higher levels for both tested species. Higher levels have toxic effects on all growth parameters with a strong significant reduction in S. lycopersicum compared to S. nigrum. These results were in agreement with Fatima et al. (2011) who studied W. somnifera, another member of the Solanaceae, they found an increase in biomass and shoot length grown in vitro of W. somnifera until 100 μM CuSO 4 , then a decline in these parameters were observed at higher levels.
High levels of Cu may exert a toxic effect as presented in the current study. Manivasagaperumal et al. (2011) reported that high levels of Cu affect protein formation, interfere with photosynthetic processes, enzyme activity, and change plasma membrane permeability. Also, excess amounts of Zn may prevent plant growth and development by making imbalance between intake and distribution of minerals or by interfering with metabolic processes and antioxidant defense system (Xu et al. 2010) . Hédiji et al. (2010) reported fresh weight reduction of Solanum lycopersicum under high Cd levels. Similarly a sharp reduction in leaf number was observed by Jing et al. (2005) and Rehman et al. (2011) . Toxicity of Cu, Zn and Cd on plants depends on type of plant species (sensitivity or tolerance), concentration of the metal and the threshold level that species can tolerate. S. nigrum may have mechanisms to tolerate metals toxicity over S. lycopersicum, by protection of the plasma membrane integrity against metals toxicity in order to decrease metals uptake and thus decrease their toxicity (Hall 2002) .
Current results showed that proline accumulation increased for both species as Cu, Zn, and Cd levels increased with the highest amount found in S. nigrum . It has been shown previously that proline accumulation in stress tolerance plants is higher than in stress sensitive plants (Ashraf and Foolad 2007) . Parlak and Yilmaz (2012) reported that proline content increased under Zn in three tested plants, Lemna gibba , Lemna minor, and Spirodela polyrrhiza L. Same results were obtained by Narula et al. (2005) , Aly and Mohamed (2012) , and Karimi et al. (2012) who showed that growing plants under Cu stress increased proline content.
Proline prevents membrane damage and had a protective role in lipid proxidation induced by metals (Thounaojam et al. 2012 ). In our case, accumulation of proline in response to Cu, Cd and Zn was seen in S. nigrum much more than S. lycopersicum , this may be due to decreased activity of enzyme responsible for proline degradation under stress that leads to increase proline accumulation in S. nigrum (Madan et al. 1995) or increase activity of some enzymes that were responsible for proline biosynthesis (Charest and Pan 1990) . Further research is needed to identify genes responsible for proline synthesis and stabilization in S. nigrum, in addition to optimize transformation protocol for these genes from the crop wild relative to their cultivated crop.
In this study, the molecular marker ISSR was used to evaluate the effect of Cu on DNA stability of both S. nigrum and S. lycopersicum. Our results showed changes in ISSR pattern of CuSO 4 treated S. nigrum and S. lycopersicum plants. Results showed that S. nigrum and S. lycopersicum undergo mutational events at their DNA. This is due to a genotoxic effect and mutagenicity of Cu which induce DNA damage through single and/or double strand breaks, modified bases, and DNA-protein cross-links (Lloyd and Phillips 1999) . K rpe and Aras (2011) found that newly amplified bands or complete absence of others were observed in S. melongena exposed to Cu stress compared to control using RAPD molecular markers resulted in DNA damage. Similarly, presence and absence of bands were observed by Enan (2006) in treated plants compared to untreated Phaseolus vulgaris with Cd, Cu, Mn, and Pb using RAPD molecular markers. In another study, unique bands in high and medium levels of Zn, Pb, and Cd were observed using ISSR technique in Eruca sativa (L.) with the most genotoxicity being Cd (Al-Qurainy 2010).
In our case, tomato plants showed higher levels of genomic instability under CuSO 4 compared to the crop wild relative S. nigrum. This finding indicates that S. nigrum is more tolerant to Cu toxicity at the molecular level than S. lycopersicum. This could be achieved by having more effective DNA repair mechanisms.
Crop wild relatives are considered as an important source to agricultural crops since they can be used to improve the tolerance and adaptation of cultivated crops to various biotic and abiotic stresses. In the present study, the crop wild relative (S. nigrum ) exhibited a higher level of tolerance than the cultivated crop (S. lycopersicum ) under all of the three metals tested. Based on biochemical and growth parameters, S. nigrum showed a higher degree of tolerance than S. lycopersicum. Finally, S. nigrum could be used as a gene donor to improve S. lycopersicum ability to tolerate the tested stresses.
